We have developed a method to reliably identify partial membrane protein topologies using the consensus of five topology prediction methods. When evaluated on a test set of experimentally characterized proteins, we find that approximately 90% of the partial consensus topologies are correctly predicted in membrane proteins from prokaryotic as well as eukaryotic organisms. Whole-genome analysis reveals that a reliable partial consensus topology can be predicted for ∼ 70% of all membrane proteins in a typical bacterial genome and for ∼ 55% of all membrane proteins in a typical eukaryotic genome. The average fraction of sequence length covered by a partial consensus topology is 44% for the prokaryotic proteins and 17% for the eukaryotic proteins in our test set, and similar numbers are found when the algorithm is applied to whole genomes. Reliably predicted partial topologies may simplify experimental determinations of membrane protein topology.
The vast majority of integral membrane proteins belong to the so-called helix bundle class, that is, their membrane domains are composed of one or more transmembrane ␣-helices (von Heijne 1999). Recent investigations of complete genomes estimate the fraction of genes encoding helix bundle membrane proteins as 20%-25% in most organisms (Jones 1998; Krogh et al. 2001) . Several methods are currently available to predict the topology of helix bundle membrane proteins, and the best methods predict the correct global topology for approximately 65%-70% of all proteins (Ikeda et al. 2001; Möller et al. 2001a ). There is thus considerable scope for further improvements in topology prediction.
We previously described how the reliability of a given topology prediction can be estimated by combining the results from five different prediction algorithms (Nilsson et al. 2000) , and this approach has been used to reduce the experimental efforts required for topology mapping (Drew et al. 2002) . Here, we present an extension of the consensus prediction approach to include cases where only a part of the global topology is covered by the consensus. The new partial consensus topology (PCT) prediction method provides highly reliable topology information for ∼ 70% of all membrane proteins encoded in a typical bacterial genome and ∼ 55% of all membrane proteins in a typical eukaryotic genome. Given a partial consensus topology prediction, experimental topology mapping efforts can be focused on the less reliably predicted parts of the global topology.
Results

Global and partial consensus topology predictions
As a basis for an up-to-date comparison of the global and partial consensus topology prediction methods, we first carried out global consensus topology predictions (Nilsson et al. 2000) on new, expanded test sets of prokaryotic and eukaryotic membrane proteins with experimentally known topologies. Figure 1 shows the fraction of correctly predicted global topologies and the fraction of the test set covered for different majority levels. All five methods agreed for 17 (23%) of the 73 prokaryotic proteins in the test set, and the predicted topology was correct for 16 of these ( Fig.  1, left) . For the 23 eukaryotic proteins, all five methods agreed for only two proteins (9%) and both topologies were correct (Fig. 1, right) . In agreement with the results from our previous study of E. coli membrane proteins (Nilsson et al. 2000) , the reliability drops with increasing disagreement among the five methods.
As described in Materials and Methods, PCTs were also predicted for all sequences in the two test sets, and were compared to the experimentally determined topologies (Table 1 ). All five methods agreed on one or more partial topologies in 62 of the prokaryotic proteins (85% of the test set), of which 57 were correct (92%). For the eukaryotic proteins, all five methods agreed on nine partial topologies (39% of the test set), of which eight were correct (89%). The average fraction of sequence covered by a PCT in the prokaryotic proteins was 44% [the fraction increases to 58% when comparing with the maximum PCT length possbile, i.e., the region between the first and last transmembrane helix (TMH) in the protein, rather than with the overall length of the protein]. The corresponding coverage values for eukaryotic proteins were 17% and 21%, respectively. We conclude that PCTs provide reliable topology information for both prokaryotic and eukaryotic proteins, but that the coverage is much smaller for the latter. This is consistent with the previously noted tendency that topology prediction is overall less reliable for eukaryotic than for prokaryotic proteins (von Heijne 1997; Ikeda et al. 2001) .
To investigate how many prediction methods are required to yield a highly reliable partial consensus topology, PCT predictions were also performed using all combinations of four of the five methods. The differences in both the fraction of correctly predicted PCTs and the average fraction of sequence length covered by PCTs were only marginal compared to the five-methods results (data not shown), and there is thus no obvious reason to reduce the number of methods included in the generation of PCTs. Because our objective here is to provide highly reliable PCTs that can be used to guide experimental work, we have not investigated the reliability of PCTs based on lower majority levels (e.g., when only four of the five methods agree on a PCT).
Predictions on entire genomes
We carried out global and partial consensus predictions for all putative multispanning membrane proteins in the genomes of eight prokaryotic and five eukaryotic organisms (putative membrane proteins were identified by the TMHMM method as detailed in Materials and Methods). Table 2 shows the fraction of membrane proteins with different majority levels for the global topology prediction. The fraction of proteins for which all five methods agree on the global topology is about 20% in the prokaryotic and about 10% in the eukaryotic genomes, in agreement with the results for the smaller test sets.
PCTs were likewise predicted for all putative multispanning membrane proteins in the five genomes (Table 3) . For the prokaryotic genomes, PCTs were obtained for 54%-77% of the sequences. For the eukaryotic genomes, the number was somewhat lower (45%-65%). The mean fraction of the sequences that are covered by these predictions is 23%-41% for the prokaryotic and 14%-26% for the eukaryotic genomes.
Discussion
We describe here an extension of our earlier consensus method for membrane protein topology prediction (Nilsson et al. 2000) , and show that it is possible to identify reliably predicted subparts of the global topology. By considering partial topologies, the fraction of proteins for which highly reliable topology information can be derived is substantially increased. Thus, highly reliable partial consensus topologies (PCTs) are predicted for around 70% of all membrane proteins in a typical prokaryotic genome, and for around 55% of all membrane proteins in a typical eukaryotic genome (Table 3) .
A PCT prediction can be valuable in the context of experimental topology mapping, where it can help to identify regions in the protein where the topology is very likely to be correctly predicted, making it possible to focus the experimental efforts on the remaining, less reliably predicted, parts. The average fraction of sequence length covered by a PCT in the prokaryotic proteins of our test set is 44% ( Table  1 ), implying that the experimental efforts may be significantly reduced for a typical prokaryotic membrane protein.
For eukaryotic proteins, the corresponding fraction is much lower (17%). Similar tendencies are found when the algorithm is applied to whole genomes (Table 3) .
Over our test set, the PCT predictions have a reliability of approximately 90% for both prokaryotic and eukaryotic sequences (Table 1) . This is roughly the same reliability that we find for the global topology predictions when all five methods agree (Fig. 1) . It is interesting to note that while it is well established that topology prediction is more difficult for eukaryotic proteins than for prokaryotic proteins (von Heijne 1997; Ikeda et al. 2001) , the reliabilities of the partial consensus predictions on eukaryotic and prokaryotic proteins seem to be roughly equal (although the coverage is much smaller for the latter group). Because of the small number of eukaryotic proteins in the test set, these reliability and coverage estimates should be regarded as preliminary.
Consensus techniques have previously proven successful for, for example, globular protein fold recognition (Lundström et al. 2001 ) and secondary structure prediction (Cuff et al. 1998) . Algorithms for consensus prediction of membrane protein topology have also been described (Promponas et al. 1999; Ikeda et al. 2001; Möller et al. 2001b ). However, our method focuses more specifically on identifying global or partial topologies of high reliability and thus increases the usefulness of topology predictions.
In summary, we have shown that partial consensus topologies can be predicted with high reliability for many membrane proteins for which no global consensus topology can be predicted. Such partial topology predictions may be used to guide experimental topology determination efforts.
Materials and methods
Test set of proteins with experimentally verified topology
A nonredundant test set of multispanning membrane proteins with experimentally determined topology was extracted from the data- The average fraction of the maximum possible PCT length covered (column 7) is calculated based on the length of the region between first and last TMH in the experimental topology.
base compiled by Möller et al. (2000) , from the MPtopo database (Jayasinghe et al. 2001) , and from the recent literature. From the Möller database, only multispanning proteins of 'trust levels' A-C were included, that is, proteins for which reliable experimental topology information is available. From the MPtopo database, only multispanning proteins from the 3D_helix and 1D_helix subsets were used, that is, proteins where either the three-dimensional structures have been determined, or where the approximate positions of the transmembrane helices (TMHs) have been identified by other experimental techniques (gene fusions, proteolytic cleavages, etc.). If a sequence occurred both in the MPtopo and the Möller databases, only the entry from the Möller database was included. All proteins annotated to contain a cleavable signal peptide were removed. The resulting test set was split into a prokaryotic subset and a eukaryotic subset. Both test sets were then homology-reduced using an implementation of the Hobohm algorithm (Hobohm et al. 1992 ) with a pairwise global sequence similarity threshold of 30%. ClustalW (Thompson et al. 1994 ) was used for the pairwise, global sequence alignments. The numbers of sequences in the final prokaryotic and eukaryotic test sets were 73 and 23, respectively (see Supplementary Information).
Genome databases
The genomes analyzed were from Anabaena sp. PCC7120 (Kaneko et al. 2001 ; ftp://ftp.kazusa.or.jp/pub/cyano/Anabaena/ chromo/), Borrelia burgdorferi B31 (Fraser et al. 1997 ; ftp://ftp. tigr.org/pub/data/b_burgdorferi/), Helicobacter pylori 26695 (Tomb et al. 1997 ; ftp://ftp.tigr.org/pub/data/h_pylori/), Mycobacterium tuberculosis CDC1551 (Cole et al. 1998 ; ftp://ftp.tigr.org/pub/ data/m_tuberculosis/), Salmonella pneumoniae (Tettelin et al. 2001 ; ftp://ftp.tigr.org/pub/data/s_pneumoniae/), Mus musculus (ftp://ftp. ensembl.org/pub/current_mouse/data/fasta/pep/), Drosophila melanogaster (Adams et al. 2000 ; ftp://ftp.ncbi.nih.gov/genbank/ genomes/D_melanogaster/), Arabidopsis thaliana (Theologis et al. 2000 ; ftp://ftp.tigr.org/pub/data/a_thaliana/ath1/), Escherichia coli (Blattner et al. 1997 ; http://bmb.med.miami.edu/EcoGene/EcoWeb/), Saccharomyces cerevisiae (ftp://genome-ftp.stanford.edu/pub/yeast/ yeast_ORFs/), Caenorhabditis elegans (Stein et al. 2001 ; ftp:// ftp.sanger.ac.uk/pub/wormbase/), Bacillus subtilis 168 (Kunst et al. 1997 ; ftp://ftp.pasteur.fr/pub/GenomeDB/SubtiList/), and Methanococcus jannaschii DSM2661 (Bult et al. 1996 ; ftp://ftp. tigr.org/pub/data/m_jannaschii/). For each genome, TMHMM2.0 (Sonnhammer et al. 1998 ) was used to identify putative membrane proteins with a minimum of two predicted TMHs. The resulting data sets were then analyzed by the PCT prediction procedure described below.
Prediction methods
Five topology prediction methods-TMHMM2.0 (Sonnhammer et al. 1998; Krogh et al. 2001 ), HMMTOP2.0 (Tusnady and Simon 1998, 2001 ), MEMSAT1.8 (Jones et al. 1994 ), PHD2.1 (Rost et al. 1996) , and TOPPRED1.0 (von Heijne 1992; Claros and von Heijne 1994)-were used in their single-sequence mode (i.e., no information from homologous proteins was included). All methods produce a prediction of both the number and location of the TMHs, and the in/out location of the N-terminus relative to the membrane. All user-adjustable parameters were kept at their default values, with the exception of TOPPRED predictions for eukaryotic proteins, where the organism parameter was set to 'eukaryote.' The output from the different topology prediction programs was converted into a standard format for further analysis.
Partial consensus topology prediction algorithm
The partial consensus topology prediction method is based on our previous observation that the reliability of a predicted topology can be estimated from the number of prediction methods that agree on the global topology (i.e., that give the same number of predicted TMHs and the same predicted orientation for the N-terminus). Specifically, that study (Nilsson et al. 2000) indicated that very high reliability can be assigned to topologies where five different prediction methods give the same prediction.
Here, we tested the assumption that this relationship holds also for cases where all five prediction methods agree on the topology of only a part of the protein. These cases are referred to as partial consensus topologies (PCTs). The analyzed collection of membrane proteins with two or more TMHs in each genome was identified by TMHMM (see Materials and Methods). In the same manner, a TMH clash (#) is assigned when two TMHs with opposite orientations (m and w) appear at the same position. After the filtering step described in B, the consensus topology is scanned from the N-terminus, and the beginning of the first PCT is defined by the first TM region (m or w states) of at least n consecutive residues in the consensus topology (where the default value is n ‫ס‬ 5). The PCT is then extended towards the C-terminus until either a consensus TMH of less than n consecutive residues is encountered, or a loop-or TM-clash occurs. In either case, the end of the PCT is defined by the most C-terminally located TMH in the consensus topology. The process of PCT construction is then repeated until the C-terminal end of the protein is reached. (B) Removal of TMH clashes which are due to slight misalignments of the TMHs. When a TMH clash occurs between two partially overlapping consensus TMHs with opposite orientations, the clash state is replaced by a loop state of the appropriate type. To emphasize that the resulting loop was obtained in the filtering procedure (and not in the majority-vote procedure), it is indicated in lowercase. (C) The figure illustrates how the choice of n-value affects the PCT prediction results. The result can differ substantially when a consensus TMH that is longer (left) or shorter (right) than n is encountered. (D) Average fraction of sequence length covered by PCTs (squares) and average fraction of correctly predicted PCTs (circles) for different values of n for the prokaryotic (black symbols) and eukaryotic (white symbols) test sets.
The PCT algorithm is described in Figure 2A . In the first step, if all methods agree on the topology at a certain position in the sequence, a consensus topology prediction is assigned to this position (inside loop, outside loop, in-to-out helix, and out-to-in helix states are designated i, o, m, and w, respectively) . If all methods do not agree at a certain position, no consensus is assigned (designated '.'). To aid in the construction of the final partial consensus prediction, we define two additional symbols that represent positions for which the predicted topology states are incompatible with each other. Thus, when loop states with opposite locations (i and o) are predicted at the same position, we define this as a loop clash (X). In the same manner, a TMH clash (#) is defined for positions where two TMHs with opposite directions (m and w) are predicted.
After this initial step, a filtering procedure is used to remove "spurious" TMH clashes caused by slight misalignments of predicted TMHs (Fig. 2B) . In this procedure, a TMH clash which is flanked by consensus TMHs with opposite directions is replaced by a loop state. Such clashes occur frequently for proteins containing closely spaced TMHs.
The final step is the construction of the partial consensus topology ( Fig. 2A) . Starting from the N-terminus of the protein, the N-terminal end of the first PCT is defined by the first TMH (m or w states) of at least n residues in the consensus topology (where n is an adjustable parameter; the default value used here is n ‫ס‬ 5). The PCT is then extended towards the C-terminus until either a consensus TMH of less than n residues is encountered, or a loop clash or TMH clash occurs. In either case, the end of the PCT is defined by the most C-terminally located m or w state in the consensus. The process is then repeated until the C-terminal end of the protein is reached. A protein may thus contain more than one PCT.
The significance of the n-value is illustrated in Figure 2C , where the resulting PCT prediction differs depending on whether the consensus TMH is longer or shorter than the value of n.
To be included in a PCT, a consensus TMH has to be at least a minimum number of residues n in length. The larger the n-value, the smaller the risk that an incorrectly predicted consensus TMH is included in the PCT. However, a high n-value also decreases the average length of a PCT. To determine the optimal n-value, the evaluation step above was performed for different length thresholds. Figure 2D shows the fraction of correctly predicted PCTs and the average fraction of sequence length covered by a PCT for different values of n. For the prokaryotic proteins, both the fraction of sequence length covered and the fraction of correctly predicted PCTs is relatively constant for n ‫ס‬ 1-12. For n > 12 residues, the fraction of sequence length covered drops significantly, whereas there is only a minor increase in the fraction of correct PCTs. The trend is basically the same for the eukaryotic proteins, though we consider these results less reliable because of the small test set. In summary, the results do not vary appreciably for n-values < 10, and the default value n ‫ס‬ 5 has been used for all results reported here.
Method evaluation
To assess the performance of the PCT prediction algorithm, it was applied to the prokaryotic and eukaryotic test sets of proteins with experimentally determined topologies described above. For a given PCT, the corresponding region in the experimentally determined topology was checked, and if both the number and directions of TMHs in this region agreed with the PCT, the prediction was considered to be correct.
Electronic supplemental material
A list of the proteins included in the training set is provided as Supplementary Material. Additional data describing, for each test set protein, the number of transmembrane helices and the in/out location of the N-terminus are available as well.
